Altered resting-state voxel-level whole-brain functional connectivity in multiple system atrophy patients with cognitive impairment, Clinical Neurophysiology (2019), doi: https://doi.Highlights 1. Abnormal whole-brain functional networks are identified in patients with multi-system atrophy (MSA) using resting-state fMRI. 2. MSA patients with cognitive impairment (CI) showed a degree centrality decrease in the right middle frontal gyrus. 3. Decreased right middle prefrontal gyrus seed functional network alterations with the default mode network and insula correlated with CI.
INTRODUCTION
Cognitive impairment (CI) is not included in the current diagnostic criteria for multiple system atrophy (MSA); however, it is recognised as a relevant symptom with 32% of patients with autopsy-confirmed MSA being reported to suffer from CI (Koga et al., 2017b) . CI primarily affects the processing speed and attention/executive functions in patients with MSA and may exacerbate the quality of life and increase the caregivers' burden (Koga et al., 2017a) . Unfortunately, the pathophysiological mechanisms underlying CI in patients with MSA remain unclear.
Structural magnetic resonance imaging (MRI) studies have reported frontal lobe-dominant atrophy and reduced blood flow in the frontal, temporal, and parietal lobes to be associated with CI in patients with MSA (Fiorenzato et al., 2017 , Kim et al., 2015 , Lee et al., 2016 . A morphological study on the parkinsonian subtype of MSA reported a correlation of CI with significant grey-matter atrophy in the bilateral basal ganglia, cerebellum, as well as temporal and frontal cortical areas (Kim et al., 2015) . Further, atrophic changes in the bilateral thalamus, left cerebellum, and left pericalcarine have been reported in the cerebellar subtype of MSA (Lee et al., 2016) .
Similarly, reduced focal volume in the dorsolateral prefrontal cortex has been reported as the most important factor in patients with MSA with CI (MSA-CI) (Fiorenzato et al., 2017) . These results indicate that cognitive dysfunction is related to cortical-subcortical structural abnormalities in patients with MSA. Resting-state functional MRI (RS-fMRI) is a useful method for investigating the neural network mechanisms underlying CI in neuropsychiatric diseases (Eijlers et al., 2017 , Xue et al., 2018 , Zhang et al., 2019 . However, there has been no RS-fMRI study on the functional network alterations underlying cognitive decline in patients with MSA, which has limited data acquisition on the presence of CI.
We aimed to use degree centrality (DC) analysis using a graphical theoretical approach to conduct a secondary seed-based FC analysis to identify spontaneous or intrinsic intra-and inter-regional connectivity in the brain. The obtained data could potentially improve our understanding of brain networks in patients with MSA-CI.
We hypothesised that brain functional changes, specifically in the frontal network, would be correlated with the presence of CI in MSA.
PATIENTS AND METHODS

Subjects
We enrolled 32 (18 females, 14 males) patients with MSA-CI and 29 (13 females, 16 males) patients with MSA with normal cognition (MSA-NCI) from the movement disorder specialist clinic in neurology, The First Affiliated Hospital of China Medical University, from December 2015 to October 2018. Patients were diagnosed with MSA by a movement disorder specialist according to the MSA diagnostic criteria (second edition, 2008) as either probable or possible MSA. Further, we recruited 33 healthy controls (HC) matched by age, education, sex, and geographical location. We excluded patients with MSA with depression, anxiety, or other mental disorders to exclude their possible impact on CI. The enrolled study participants had no history of neurological disease or any pathological findings on conventional MRI. This study was approved by the ethics committee of the First Affiliated Hospital of China Medical University. We obtained written informed consent from all participants prior to participation.
Diagnosis and neuropsychological assessment
The patients were assessed using the Hoehn and Yahr stage and the motor and non-motor subsections of the Unified Multiple System Atrophy Rating Scale (UMSARS part II and UMSARS III). Cognitive performance was evaluated using the
Mini-Mental State Examination (MMSE).
Based on the Movement Disorder Society diagnostic criteria (Auzou et al., 2015) , a diagnosis of MSA-CI was defined by an MMSE score < 27. Among the 61 patients with MSA, 29 had MSA-NCI and 32 had MSA-CI. All clinical and neuropsychological assessments (described below), as well as neuroimaging studies, were performed on patients in the "on state" taking dopamine medications.
RS-fMRI image acquisition and image preprocessing
We obtained RS-fMRI images from all the participants using a 3.0T MRI scanner (Magnetom Verio, Siemens, Erlangen, Germany) equipped with a 32-channel head coil at the First Affiliated Hospital of China Medical University. Prior to the scanning, we instructed each participant to close their eyes and remain silent during scanning until the study end. We used earplugs to increase comfort and foam pads to minimise the participants' head motion. Immediately after the scan, we confirmed whether the Preprocessing and analysis of RS-fMRI data were performed using the Data Processing & Analysis for (Resting-State) Brain Imaging (DPABI) toolbox (version 3.0, www.restfmri.net) (Yan et al., 2016) . The preprocessing steps were as follows:
removing the first 10 time-points, slicing timing, head-motion correction (none of the participants presented head motion > 1.5 mm or 1.5° during the scans; therefore, all scans were included in the analysis). We used DPABI toolbox (with GUI) to perform regression of nuisance covariates, including white matter and cerebrospinal fluid signals, as well as Friston-24 parameters. Next, we band-pass filtered (0.01-0.08 Hz) the remaining imaging followed by normalisation to the Montreal Neurological Institute (MNI) template and re-sampling to a 3 × 3 × 3 mm 3 resolution. Finally, we scrubbed the images to exclude volumes with a frame-wise displacement value exceeding 0.5 (Power et al., 2012) .
DC analysis
DC represents the degree of correlation of a node in the network with all other nodes.
Every voxel in the brain is considered a node with an edge indicating the FC of any two voxels. We calculated and summed the FC of each voxel with all other brain voxels was calculated and summed and determined each voxel's DC as the number of direct connections. For DC calculation, we analysed preprocessed fMRI data using the DPABI software to create DC maps of the entire brain using the correlation of the time series of each voxel with that of all other voxels and construct a whole-brain connectivity matrix for each participant within the grey matter templates. We acquired an n × n matrix of Pearson's correlation coefficients between any voxel pair with n representing the voxel number of the whole-brain grey matter (GM) mask. We transformed Pearson's correlation values to normally distributed Fisher Z-scores and created the whole-brain functional network by thresholding each correlation at r > 0.25 (Buckner et al., 2009) . After normalisation, we smoothed the maps using a 6 × 6 × 6 mm 3 full width at half maximum (FWHM) Gaussian kernel (data were preprocessed without smoothing). Given the uncertainty in interpreting negative values, we only considered positive Pearson correlation coefficients. Using the voxel-based graph, we calculated DC as the number of functional connections (significant positive correlations) at the individual level.
Whole-brain voxel-based morphometry (VBM) analysis
We conducted a whole-brain VBM analysis to detect GM atrophy in patients with MSA-CI and MSA-NC. The images were first setting examined for quality control with the anterior commissure as the origin. Next, the images were segmented, normalised to MNI space with modulation using "Estimate and Write" in SPM12. The modulated images were smoothed using a 6-mm FWHM Gaussian kernel. We conducted a two-sample t test with age, gender, and education as covariates to compare GM volume differences between the patients and HC.
Functional connectivity analysis
For a detailed study of changes in resting-state functional connectivity (RSFC) in the patients with MSA, we used brain regions showing significant group differences in DC values as seeds to investigate differences in the FC between patients with MSA-CI and those with MSA-NCI. We obtained seed reference time series by averaging the time series of every voxel in the seed region as aforementioned. Next, we analysed the correlation between the time course and the time series of voxels inside and outside the seed regions in the entire brain. Finally, the correlation coefficients were subjected to Fisher's r-to-z transformation to obtain z-values. We used 6 head motion parameters, global mean time courses, and white matter and cerebrospinal fluid time courses as nuisance factors. Further, we analysed FC maps with a spherical region of interest of a 3 mm radius centred on voxels with a peak group difference in the DC value to eliminate influences related to seed selection (see Supplementary Materials 1).
Statistical analysis
To explore DC differences among the MSA-CI, MSA-NCI, and HC groups, we performed one-way ANOVA with age, sex, and education as covariates. Next, we performed posthoc analysis to evaluate between-group differences in DC within masks with significant ANOVA results and conducted multiple comparison correction using similar covariates with ANOVA (AlphaSim correction, p < 0.001). We performed a voxel-wise Pearson's correlation analysis of individual DC mappings with cognitive scale scores of patients with MSA-CI to determine brain regions that were significantly associated with the clinical cognitive profile of MSA-CI. Brain regions showing significant cognitive-related areas in DC were selected as seeds;
subsequently, we conducted a secondary seed-based FC analysis to investigate FC network alterations in patients with MSA-CI. Further, we analysed the correlation of cognitive decline with seed-based RSFC in the entire brain at the voxel-wise level.
Moreover, we conducted whole-brain VBM analysis to determine whether brain atrophy was consistent with our connectivity findings.
Regarding general clinical data, we used the independent sample t test and Kruskal-Wallis test or ANOVA (followed by Tukey's test for normally distributed data or the Bonferroni test for non-normally distributed data) for cross-group comparisons of quantitative variables. The χ2 test was used to compare qualitative variables. For all analyses, the significance threshold was set at p < 0.05. We used SPSS 22.0 software (SPSS Inc., Chicago, Illinois, USA) for statistical analysis of the demographic and clinical data.
RESULTS
Clinical characteristics of the MSA and HC groups.
Table 1 presents the clinical data of the MSA and HC groups. There were no significant between-group differences in age, sex, and education. The MSA-CI group had significantly lower MMSE scores than those in the MSA-NCI group (p < 0.001).
There were no significant between-group differences in the clinical subtypes, disease duration, levodopa equivalent dose, UMSARS-III score, and H-Y stage (all p > 0.05).
DC analysis
Two-sample t-test analysis indicated that compared with the HC, patients with MSA-CI had significantly increased DC within the left hippocampus and bilateral caudate and significantly decreased DC within the right postcentral and left calcarine (p < 0.001, AlphaSim corrected). Similarly, compared with the HC, patients with MSA-NCI showed increased DC in the left precuneus and bilateral caudate and decreased DC in the right calcarine. Only the right middle frontal gyrus (RMPFG) showed significant DC differences between the MSA-CI and MSA-NCI groups (Table 2, Fig. 1, and Fig. 2) .
Whole-brain VBM analysis
Compared to the HC, the patients with MSA-CI showed decreased GM in the bilateral cerebellum, left insula, bilateral putamen, and left frontal. Further, the patients with MSA-NC showed GM loss in the bilateral cerebellum and bilateral middle temporal gyrus. Direct comparison of the MSA-CI and MSA-NC groups showed GM loss mainly located in the bilateral cerebellum and left middle frontal gyrus (all p < 0.05, false discovery rate corrected)(see Supplementary Materials 2).
Seed-based RSFC analysis
Compared with the HC, the patients with MSA-CI showed decreased RMPFG-based FC in the bilateral insula, left caudate, left calcarine, left middle cingulum cortex, and inferior orbitofrontal cortex. Compared with the HC, the patients with MSA-NCI showed decreased RMPFG-based FC in the left medial orbitofrontal cortex and left insula. Compared with the patients with MSA-NCI, those with MSA-CI showed decreased RMPFG-based FC in the right precuneus, right inferior frontal cortex (IPL), and right insula (Table 3, Fig. 3, and Fig. 4) . 
Correlation of DC changes and RSFC with cognitive scores in the
Analysis of correlation between individual RMPFG-related FC network alterations
and MMSE scores in the MSA-CI group showed a negative correlation between MMSE scores and the mean RMPFG-related FC values (Fig. 4) .
DISCUSSION
Cognitive dysfunction in MSA occurs more frequently than previously reported.
Through the combined analysis of DC and seed-based FC approaches, we demonstrated intrinsic dysconnectivity pattern of the whole-brain functional networks at voxel level in patients with MSA-CI. Our study has several major findings. First, compared to HC, the patients with MSA-CI and those with MSA-NCI presented similar altered DC values in the bilateral caudate, left calcarine, and right postcentral regions. The patients with MSA-CI showed decreased DC in the RMPFG compared with those with MSA-NCI. Second, we found a significant negative correlation between MMSE scores and decreased average DC values in the RMPFG. Third, the patients with MSA-CI showed decreased FC in the RMPFG-IPL, RMPFG-precuneus, and RMPFG-insula networks compared to patients with MSA-NCI.
In the patients with MSA-CI, there were decreased DC values in the RMPFC, which is part of the dorsolateral prefrontal cortex (DLPFC). Additionally, DC values in the MSA-CI group were strongly correlated with MMSE scores. Previous studies, as well as our VBM findings, indicate the DLPFC as the most consistently detected area in MSA cognitive regulation (Celebi et al., 2014 , Elliott, 2003 , Kawai et al., 2008 . As a key hub of the central executive network, the DLPFC has been reported to be involved in working memory and cognitive flexibility (Elliott, 2003) . A single-photon emission computed tomography study reported that patients with MSA had significant hypoperfusion in the DLPFC that was significantly correlated with severity (Kawai et al., 2008) . VBM studies have reported that patients with MSA-CI presented GM loss in the caudate nucleus, cerebellum, and frontal regions (Chang et al., 2009) . A study with a large sample size reported that compared with patients with MSA-NCI, patients with MSA-CI reported focal volume reduction in the left DLPFC (Fiorenzato et al., 2017) . Our findings further confirm that the DLPFC is a key cortical pathogenesis hub associated with CI in patients with MSA. Compared with patients with MSA-NCI, we observed that those with MSA-CI presented decreased DC only in the RMFG. The left and right DLPFC are involved in separate cognitive function processes. Left DLPFC activation is associated with early internalisation processes while the right DLPFC is involved in the subsequent proper planning processes (Kaller et al., 2011) . However, previous studies have also reported that patients with MSA-CI present with GM loss in the left DLPFC (Chang et al., 2009) . Future studies should clarify the laterality. Notably, DLPFC dysfunction is also strongly related to depression symptoms in patients with MSA (Zhao et al., 2018) ; in our study, we recruited a cohort with non-depression symptoms. Future studies on CI should take depressive symptoms into account.
Further, we found that decreased DC values in the right DLPFC were correlated with RSFC in the parietal areas, including the left IPL and precuneus. The IPL is vital for short-term memory storage and retrieval (Todd and Marois, 2004) . A previous study reported that patients with amnestic mild CI presented decreased frontal-parietal FC that was positively correlated with global cognition and working memory (Xie et al., 2015) . The reduced FC between the MPFC and IPL observed in our study possibly indicates reduced episodic memory function in patients with MSA-CI compared to patients with MSA-NCI. The precuneus is the portion of the superior parietal lobule on the medial surface of each brain hemisphere and is involved in visuospatial processing, episodic memory, self-reflection, and consciousness (Hebscher et al., 2019) . A study reported reduced precuneus/cuneus cortical thickness in patients with MSA with dementia compared to controls (Kim et al., 2013) . Notably, the IPL and precuneus are both critical nodes in the default mode network (DMN). DMN characteristics reflect ongoing resting-state intrinsic activity normally with task-related deactivation; however, they also exhibit task-related activation in independent or multiple network components (Krajcovicova et al., 2012) . The DMN, which is composed of brain regions including parts of the frontal-parietal regions, posterior cingulate cortex, and lateral temporal cortex, is activated during high-order cognitive functions, such as self-referential introspection, autobiographical memory retrieval, and anticipation of the future (Raichle et al., 2001 , Raichle and Snyder, 2007 , Tessitore et al., 2012 . Studies on different neurodegenerative disorders, including Parkinson's disease (van Eimeren et al., 2009 ), Alzheimer's disease, and frontotemporal dementia (Hou et al., 2018) , have corroborated the aforementioned findings. Recent studies have reported an association between low DMN connectivity and cognitive loss in patients with MSA (Chou et al., 2015 , Rosskopf et al., 2018 .
Our results further demonstrate that interruption of the dynamic equilibrium between the frontal and DMN networks might reduce the ability to prepare for future task execution in patients with MSA-CI.
Interestingly, we excluded depressed patients with MSA and observed patients with MSA-CI showed decreased DLPFC-insula FC compared to patients with MSA-NCI.
The insula, which is a part of the limbic regions, has traditionally been thought to be involved in socio-emotional processing (Uddin et al., 2017) ; however, its involvement in cognitive processing is not necessarily surprising. In humans, the insula is functionally divided into four distinct regions. The mid-posterior, anterior-dorsal, and anterior-ventral insula regions are linked to sensorimotor, socio-emotional, and socio-emotional function, respectively; further, a central-olfactogustatory region exists (Kurth et al., 2010) . We found decreased DLPFC-related FC mostly in the anterior-dorsal region, which is part of the inferior frontoparietal network. Decreased frontal-insula FC might indicate dysfunction of the integration of external sensory information with internal emotional and bodily state signals, which is necessary for coordination of brain network dynamics and switching between the DMN and central executive network (Mayer et al., 2007) . Although we did not find a correlation between cognitive deficits and the insula regions, our findings imply an association between frontal-insula network alteration and MSA-CI. However, future longitudinal studies are required to confirm this preliminary conclusion.
We found that patients with MSA-CI presented with decreased DLPFC hub activation and DLPFC-DMN and DLPFC-insula network deactivation, which might be related to MSA-CI. Previous RS-fMRI studies have consistently reported DLPFC and DLPFC-DMN network dysfunction in patients with Parkinson's disease with CI, mild CI, and Alzheimer's disease (Ribeiro and Busatto, 2016, Terada et al., 2018) .
Similarly, we found DLPFC network impairment in patients with MSA-CI. However, unlike in previous studies on patients with Alzheimer's disease or Parkinson's disease with CI, our patients with MSA-CI demonstrated DLPFC-insula network dysfunction compared with those with MSA-NCI. Further, previous VBM studies have reported insula atrophy in patients with MSA-CI (Chang et al., 2009) . We speculated that patients with MSA have rapid clinical progress and that the limbic system is significantly involved in the pathological process (Yoshida, 2007) . The limbic system is involved in both emotion and cognitive regulation, which might explain why patients with MSA have more depression symptoms than those with Parkinson's disease and mild CI. Future studies are required to confirm this speculation.
One of this study's limitations is that we could not determine MSA cognitive subgroups through extensive neuropsychological examination. Instead, we only used the total raw MMSE score, which is a limited brief cognitive scale. Additionally, we somewhat arbitrarily selected the threshold (r ≥ 0.25) for DC computation; however, the selected threshold has been used in previous studies (Buckner et al., 2009 , Wang et al., 2018 . However, Buckner, et al. (Buckner et al., 2009 ) reported a subtle effect of different thresholds on results and we did not apply any other thresholds during DC computation. Finally, it is difficult to differentiate patients with Lewy body dementia (DLB) from those with MSA-CI, especially in the relatively early stage. Early multi-domain cognitive deficits in patients with autonomic failure have known to argue for DLB diagnosis, which may weaken our findings regarding a biomarker for MSA-CI (Asahina, 2013) .
CONCLUSION
In this study, we used DC and secondary seed-based FC obtained through RS-fMRI to examine the intrinsic dysconnectivity pattern of whole-brain functional networks in patients with MSA-CI. Our results indicate that CI was related to decreased DLPFC hub activity, as well as DLPFC-DMN and DLPFC-insula FC network dysfunction.
Our findings advance our understanding of the intrinsic dysconnectivity pattern of whole-brain functional networks in patients with MSA-CI.
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